Abstract: Biodegradable films of methoxy poly(ethylene glycol)-b-poly(DL-lactideco-glycolide-co--caprolactone) diblock copolymers (MPEG-b-PDLLGCL) were prepared by solution casting method. Effects of MPEG block length and DLL:G:CL ratio of the MPEG-b-PDLLGCL films on their mechanical properties and hydrolytic degradation were studied and discussed. It was found that the mechanical properties of films were strongly dependent on glass transition temperatures (T g ) of the diblock copolymers. The hydrolytic degradation was investigated in phosphatebuffered solution at 37 C. The degraded films were characterized using gravimetry (%water uptake and %weight loss), 1 H-NMR spectroscopy, differential scanning calorimetry and size exclusion chromatography. The %weight loss of the degraded films increased and molecular weight decreased on increasing the MPEG block length and incorporating the G and CL units, according to their %water uptakes. The MPEG content of the degraded film decreased and the T g increased with hydrolytic degradation time.
Introduction
Poly(DL-lactide) (PDLL), polyglycolide (PG) and poly(-caprolactone) (PCL) are biodegradable and biocompatible polyesters [1] . They can be degraded via a simple, non-enzymatic hydrolysis mechanism to give non-toxic products [2] . Co-and terpolymers of DLL, G and CL have all been reported either as random or block coand terpolymers which partially matched with the requirements of the application such as mechanical properties and hydrolytic biodegradation [3] [4] [5] [6] [7] . The use of these polyester films in biomedical, pharmaceutical and food packaging have already received wide attention [8] [9] [10] [11] . The PDLL film is most widely studied. For these applications, the mechanical properties and hydrolytic degradation of the biodegradable polyester films are considered to be two of the important criteria for the selection of the polyester.
However, PDLL film is rigid and brittle below their glass transition temperature (T g , 50-60 C) with low plastic deformation [12] . Flexible PDLL films can be achieved by blending PDLL with plasticizers. The plasticizers such as poly(ethylene glycol), methoxy poly(ethylene glycol) (MPEG), partial fatty acid esters, tributyl citrate, adipates and branched polylactides have been used for these purposes [12] [13] [14] [15] [16] [17] [18] . Moreover, partial migration of the plasticizers have been found [17] . The MPEG plasticizer molecules which are chemically bonded to PDLLGCL chains with different MPEG block lengths and DLL:G:CL ratios were successfully prepared as described in our previous work [19] . The characteristics of diblock copolymer used were presented in Table 1 . The T g of the MPEG-b-PDLLGCL diblock copolymers were influenced by the MPEG block length and the DLL:G:CL ratio. Although, the diblock copolymers of MPEG-b-PDLL, MPEG-b-PG, MPEG-b-PCL, MPEG-b-PDLLG and MPEG-b-PDLLCL have been widely investigated [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] the properties of their films have been very rarely reported [28, 29] . Therefore, these properties of the MPEG-b-PDLLGCL diblock copolymer films prepared from solution casting method are the focus of attention in this present work.
We investigated and discussed the influences of MPEG block length and DLL:G:CL ratio on the mechanical properties and the hydrolytic degradation of MPEG-b-PDLLGCL diblock copolymer films. These properties were characterized through tensile testing, %water uptake, %weight loss, 1 H-NMR spectroscopy, thermal analysis and size exclusion chromatography (SEC).
Tab. 1. Diblock copolymer characteristics [19] . 
Results and discussion

Mechanical properties of the films
The stress-strain results of the diblock copolymer films exhibited yield behaviours, tensile stress and elongation at maximum load (yield stress and elongation, respectively) and breaking phenomena, tensile stress and elongation at break. At breaking point, the tensile stress was lower and %elongation was higher than at maximum load for all films. The results indicated that the breaking phenomenon of the diblock copolymer films is a ductile failure type since the stress at break was lower than at yield point [30] . Figure 1 shows tensile stress and %elongation at maximum load and at break of the diblock copolymer films. The MPEG5,000-PDLL film exhibited a slight decrease in tensile strength and increase in %elongation at both maximum load and break when compared to MPEG2,000-PDLL film. These results suggested that increasing the MPEG block length rendered it a more flexible film. This is due to the T g of MPEG5,000-PDLL (37C) being lower than the MPEG2,000-PDLL (48 C). There has been reports that %elongation of the polylactide film can be increased by blending PEG [16] . Therefore, in this work, the flexibility of PDLL can also be enhanced by block copolymerization of the MPEG. As expected, film flexibility was also increased when the G and CL units were copolymerized. The T g values of the diblock copolymers were considered as above. The T g of MPEG5,000-PDLLG (28 C) and MPEG5,000-PDLLGCL (22 C) were lower than the MPEG5,000-PDLL (37 C). In addition, the initial modulus decreased when the T g was decreased. The initial modulus results of the MPEG2,000-PDLL, MPEG5,000-PDLL, MPEG5,000-PDLLG and MPEG5,000-PDLLGCL films were 43, 37, 31 and 25 MPa, respectively. From the results it can be concluded that the tensile stress decreased and %elongation of the films increased for both at yield point and at break when the T g of the diblock copolymer decreased. In Figure 2 is shown the relation between the mechanical properties and the T g of diblock copolymers. These confirmed that the tensile stress and elongation of the films are directly related to the T g . This result suggested that the diblock copolymer films with different mechanical properties can be achieved by adjusting the T g of the diblock copolymer. From our previous work [19] , it was found that the T g of the diblock copolymer were controlled by MPEG block length and the DLL:G:CL ratio.
Water uptakes of the films
The %water uptake of the films was carried out in distilled water at room temperature (30 C) with immersion time of 2 days. Figure 3 shows the %water uptakes of films with immersion time. The MPEG2,000-PDLL film showed the lowest increase in the %water uptake with the immersed time. Increasing the MPEG block lengths from 2,000 to 5,000 g/mol resulted in more hydrophilic film. Then, the %water uptake of the MPEG5,000-PDLL film was dramatically increased. The %water uptakes of films were slowly increased during the first 12 hrs before rapid increase. The %water uptakes of the MPEG5,000-PDLLG and MPEG5,000-PDLLGCL films were higher than the MPEG5,000-PDLL film. This can be explained by the more hydrophilic glycolide units in the copolyester block increase the hydrophilicity and decrease T g of the diblock copolymer. However, the %water uptake of the diblock copolymer film also increased when the CL unit was copolymerized. This may be due to the decrease of T g of diblock copolymer film on copolymerizing with CL monomer. This can be presented as the diblock copolymer film with low T g has higher %water uptake than that of high T g . It can be explained that the water molecules can be easily penetrated into the low T g film than that of the high T g film. The %water uptake of the films are in the sequence of MPEG5,000-PDLLGCL> MPEG5,000-PDLLG > MPEG5,000-PDLL > MPEG2,000-PDLL films.
Hydrolytic degradation of the films
The hydrolytic degradation of the diblock copolymer films was investigated from the %weight loss of the films in phosphate buffer pH 7.4 at 37 C for 28 days. The %weight loss profiles of the films are shown in Figure 4 . The %weight losses were slightly increased during the first 14 days. During this step, the films have absorbed water from the surrounding environment. The degradation process is slowly taking place. Then, the %weight loss slowly increased. After 14 days, the %weight loss rapidly increased. This step can be attributed to the depolymerization or chemical cleavage of the polymer backbone and diffusion out of the degradation products resulting in weight loss. Fig. 4 . %Weight loss profiles of () MPEG2,000-PDLL, () MPEG5,000-PDLL, () MPEG5,000-PDLLG and () MPEG5,000-PDLLGCL films as a function of hydrolytic degradation time. The %weight losses related to hydrolytic degradation rate of the films are in the sequence of MPEG5,000-PDLLGCL > MPEG5,000-PDLLG > MPEG5,000-PDLL > MPEG2,000-PDLL films. The relation between %water uptake and %weight loss of the films are shown in Figure 5 . It can be observed that the %water uptake and %weight loss of the films increased when the MPEG block length increased and the G and CL units were copolymerized. This indicated the %water uptake was directly related to the %weight loss. The results suggested that the hydrolytic degradation rate of the film depended upon the film water uptake.
Fig. 6.
1 H-NMR spectra of the MPEG5,000-PDLLGCL films before (a) and after (b) hydrolytic degradation at 28 days (peak assignments as shown). H-NMR spectra before and after hydrolytic degradation of the films including the peak assignments are shown as example in Figure 6 . The peak intensity of ethylene protons (-CH 2 ) of MPEG block was decreased after hydrolytic degradation. Figure 7 shows the DLLGCL:EO ratio change from hydrolytic degradation of the films. From Table 1 , the initial DLLGCL:EO ratios of MPEG2,000-PDLL, MPEG5,000-PDLL, MPEG5,000-PDLLG and MPEG5,000-PDLLGCL were 9.0, 3.5, 3.8 and 3.8, respectively. After degradation, the DLLGCL:EO ratios of the degraded diblock copolymer films increased with degradation time. This suggested that the degradation and release of the MPEG blocks was first predominant, according to the literature [31] . The DLLGCL:EO ratios of the MPEG2,000-PDLL slightly and continuously increased from 9 to 17, whereas the MPEG5,000-PDLL quickly increased from 3.5 to 26.4 within 28 days. This indicated that the degradation rate increased on increasing the MPEG block length with the MPEG block being first degraded and diffused out. Copolymerizing the G and CL units into the polyester blocks show rapid increase in the DLLGCL:EO ratios of the films. It should be noted that the DLLGCL:EO ratios rapidly changed during 14 to 21 days, corresponding to the %water uptake and %weight loss profiles. The DLL:G:CL ratio of MPEG5,000-PDLLGCL film changed from 83:12:5 (mol%) to 86:5:9 (mol%) within 28 days. This showed that the G units were earlier degraded and released out before DLL and CL units due to its higher hydrophilicity and faster degradation. Fig. 9 . T g change of () MPEG2,000-PDLL, () MPEG5,000-PDLL, () MPEG5,000-PDLLG and () MPEG5,000-PDLLGCL films as a function of hydrolytic degradation time.
The T g of degraded diblock copolymer films were determined from the second heating scan DSC thermogram, as shown in Figure 8 . The results of T g change are presented in Figure 9 . It was found that the T g did not change in significant value for the first day of hydrolytic degradation time. This result was supported by did not change of the composition of diblock copolymer film in the first day of hydrolytic degradation time. After that the T g was increased with hydrolytic degradation time. This can be explained that the T g of the remaining films increased as increasing the DLLGCL:EO ratio (decreasing MPEG content). From our previous work [19] , we found that the MPEG block can act as an internal plasticizer to decrease the T g of the MPEG-b-PDLLGCL diblock copolymers. Then, the T g of diblock copolymer would be increased when some MPEG block was degraded. H-NMR, it can be suggested that the weight and the molecular weight of the films decreased due to the MPEG blocks being first degraded and released out.
Conclusions
The biodegradable films prepared from the MPEG-b-PDLLGCL diblock copolymers with different MPEG block lengths and DLL:G:CL ratios presented interesting mechanical properties and hydrolytic degradation. The mechanical properties, tensile stress, %elongation and initial modulus of the diblock copolymer films showed strong dependence on the T g of diblock copolymers. The water uptakes of the films were strongly related to hydrolytic biodegradation behaviour by simple hydrolysis. The water uptake and weight loss of the films increased on increasing the MPEG block length and incorporation of the G and CL units. The T g of the films also increased with hydrolytic degradation time. The MPEG blocks first degraded and diffused out during hydrolytic degradation process.
These biodegradable diblock copolymer films could be interestingly used in biomedical, pharmaceutical and food packaging applications. Their mechanical properties, water uptake and hydrolytic biodegradation behaviours can be tailored with the requirements of the application by adjusting the MPEG block length and the DLL:G:CL ratio.
Experimental part
Materials
The MPEG-b-PDLLGCL with MPEG block lengths of 2,000 and 5,000 g/mol and DLL:G:CL ratios of 100:0:0, 85:15:0 and 83:12:5 (mol%) were synthesized as reported in our previous work [19] . The characteristics of diblock copolymers used in this work are presented in Table 1 . Dichloromethane (AR, Merck, USA) was used as received. The diblock copolymer films were prepared by solution casting of 20 mL diblock copolymer solution (2.5 %w/v) in dichloromethane before drying in a dessicator for 1 week and in vacuum oven at room temperature for 2 weeks. Thicknesses of the obtained films are in the range of 150 -200 m.
Mechanical testing
Tensile properties including stress at maximum load, stress at break, %elongation at maximum load, %elongation at break and initial modulus of the films were measured by tensile tester using a Lioyds LRX+ Universal Mechanical Testing Machine. The films (10  20 mm) were performed at 25 C and 65% relative humidity with the speed of 20 mm/min and 1 kN load cell. The experimental values for mechanical properties represent averages of measurements from the three replicate films.
Water uptake measurement
Water uptake of the films 20 mm  20 mm in size were measured by immersing the film in distilled water at room temperature (30 C) for arbitrary periods up to 48 hrs. The films were removed at desired intervals. The water on the film surface was wiped with filter paper before weighing immediately. The %water uptake of the films is calculated by equation (1) . The experimental values for %water uptake represent averages of measurements from the three replicate films.
where W wet and W dry are the weight of the film after immersion and the initial weight of the film, respectively.
Hydrolytic degradation testing
The diblock copolymer films were subjected to an in vitro hydrolytic degradation study. For each hydrolytic degradation time, the film samples with 3  20 mm in size were placed in test tube immersed in 20 mL phosphate buffer solution of pH 7.4 containing 0.02% NaN 3 to prevent bacteria development at 37 C. The buffer solution was replaced with fresh buffer solution every 7 days. The shaker was set at 150 rpm rotation speed. A gentle incubator shaker (Heto SBD50) was established to maintain the set value of the temperature with an accuracy of 0.5 C. The films were recovered from test tubes at different intervals and washed with distilled water. Then, they were dried in vacuum oven at room temperature for 2 weeks before storing in a desiccator for further analysis. The %weight loss of film is calculated by equation (2 H-NMR spectra were obtained from copolymer solutions in deuterated chloroform (CDCl 3 ) using tetramethysilane as internal reference. For DSC analysis, copolymer samples of 5-10 mg in weight were heated at 10 C/min under a helium atmosphere over a temperature range of 0 -80 C in order to observe the T g from the second heating scan. For the second heating scan, the diblock copolymers were first heated to 200 C before fast cooling (quenching) according to the DSC instrument's own default cooling mode before the second run.
Number-average molecular weights ( n M ) and molecular weight distributions, (MWD) were determined by size exclusion chromatography (SEC) using a Waters 717 plus Autosampler SEC equipped with an Ultrastyragel  column operating at 40 o C and employing universal calibration. THF was used as the solvent at a flow rate of 1 ml/min.
